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Abstract
We consider elastic neutrino – electron scattering of solar neutrinos with mag-
netic moments and electric dipole moments, where the solar neutrino state at
the scattering site is determined by the evolution in matter and solar mag-
netic fields of the initial electron neutrino state. We present the general cross
section for an arbitrary superposition of active and sterile neutrino types with
positive and negative helicities, with particular emphasis on the effect of trans-
verse polarization, which gives rise to an azimuthal asymmetry as a function
of the recoil electron momentum. Within our physically motivated approxi-
mation, we perform a general CP analysis and show that in the 1-Dirac and
2-Majorana neutrino cases no CP-violating effects are present, which means
that it is not possible to distinguish between magnetic and electric dipole
moments in these cases. We also study the consequences of neutrino energy
averaging on the cross section and stress that in the 2-Majorana neutrino case
this averaging leads to a suppression of the transverse neutrino polarization
effects.
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I. INTRODUCTION
Recently, the physics of neutrino oscillations [1] has become one of the most active fields
of research in particle physics. One of the reasons is the experimental evidence for neutrino
oscillations found in atmospheric neutrino measurements [2]. The other important problem
in this field is the longstanding solar neutrino deficit which also finds a natural explanation
in terms of neutrino oscillations, whether by vacuum oscillations or by the MSW effect [3]
(for recent works see [4,5]). Concerning the solar neutrino puzzle, it has been noticed long
time ago that neutrino magnetic moments (MM) and/or electric dipole moments (EDM) of
order 10−11 µB, where µB is the Bohr magneton, and a sizable magnetic field in the solar
interior can contribute to a solution of this problem [6–8] (for reviews see also Ref. [9]).
A particular attractive scenario in this context, which combines the matter effect with
the effect of solar magnetic fields and neutrino MMs or EDMs, is given by resonant spin
– flavour precession (RSFP) [10–12], which allows for good fits of the solar neutrino data
(for recent papers see [13–19]). This scenario is possible even without neutrino mixing.
However, very little is known about magnetic fields in the solar interior and one has to
resort to plausible assumptions, a problem in all attempts to solve the solar neutrino puzzle
with neutrino MMs and EDMs.
If neutrinos have MMs and/or EDMs then the electromagnetic interaction will give a
contribution to elastic neutrino – electron scattering in addition to the weak interactions
[20], which is enhanced at low energies. This observation has been used to derive laboratory
limits on neutrino MM/EDMs [21]. Independently, such limits can also be obtained by
taking advantage of the solar neutrino flux [22,23]. Furthermore, if MM/EDMs of solar
neutrinos and solar magnetic fields are important for a solution of the solar neutrino puzzle,
then the solar neutrino flux on earth will have some transverse polarization in general. It
has been stressed that such a polarization leads to a weak-electromagnetic interference cross
section in elastic neutrino – electron scattering, which could be observed via an azimuthal
asymmetry in the distribution of the electron recoil momenta in the plane orthogonal to the
incoming neutrino momentum [24–29]. A suitable experiment to find such an effect could
be the HELLAZ experiment [30].
It is the purpose of this paper to present a general and consistent study of elastic neutrino
– electron scattering of solar neutrinos, thereby incorporating the twofold effects of the
neutrino MM/EDMs: 1. They contribute to the evolution of the initial electron neutrino
state with negative helicity to the state which is detected on earth by elastic neutrino
– electron scattering. 2. Neutrino MM/EDMs contribute to elastic neutrino – electron
scattering by providing a pure electromagnetic cross section and a weak-electromagnetic
interference cross section. We will assume an arbitrary number of neutrinos, including
neutrinos of the sterile type, and derive the cross section for an arbitrary superposition of
neutrino flavours or types and helicities. We will meticulously distinguish between Dirac and
Majorana neutrinos. We will employ the following approximation in our physical scenario:
we neglect all neutrino masses in the elastic neutrino – electron cross section, but retain the
usual term quadratic in the neutrino masses in the neutrino evolution equation [3]. This has
to be kept in mind when assessing the results of this paper.
Since we neglect neutrino masses in scattering, the most adequate basis for our consid-
eration is the flavour basis of neutrino states, though physically, as we will show, no basis is
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preferred. We, therefore, put particular emphasis on the formulation of the MM and EDM
matrices in the flavour basis and stress that the most useful entity in this context is the
MM/EDM matrix λ = µ− id, where µ and d are the MM and EDM matrices, respectively.
Considering λ and the neutrino mixing matrix UL, we make a general discussion of the
independent, physical phases in our problem. We will show that there are no such phases
in the 1-Dirac and 2-Majorana neutrino cases, from which it follows that in these cases no
distinction between MM and EDM within our approximation is possible. Finally, we discuss
decoherence effects as a consequence of neutrino energy averaging, which is of importance for
the weak-electromagnetic interference cross section and neutrino mass-squared differences
larger than around 10−10 eV2. This effect is caused by vacuum oscillations between sun and
earth and by the inevitable energy averaging due to finite energy and angle resolution in the
detection of the recoil electron in ν e− scattering.
The paper is organized as follows. In Section II we discuss the MM and EDM interaction
for Dirac and Majorana neutrinos. The evolution equation of the solar neutrino state in
matter and magnetic fields is explained in Section III. Section IV treats the formulation of
the neutrino density matrix, which is applied in Section V in the calculation of the elastic
neutrino – electron cross section. Section VI contains the applications of Sections III and
V for the 1-Dirac and 2-Majorana cases and a general discussion of the physical phases and
the effect of CP invariance in our problem. Section VII discusses the decoherence effect due
to neutrino energy averaging and in Section VIII we present our conclusions.
II. NEUTRINO MAGNETIC MOMENTS AND ELECTRIC DIPOLE MOMENTS
If Dirac neutrinos are furnished with magnetic moments (MM) and electric dipole mo-
ments (EDM), the interaction with the electromagnetic field is described by the Hamiltonian
HDem =
1
2
ν¯(µ+ idγ5)σ
αβνFαβ =
1
2
ν¯Rλσ
αβνLFαβ + h.c. . (2.1)
We assume for the time being that we consider neutrinos flavours (or types if take into
account sterile fields νs). Thus, ν
T = (νe, νµ, ντ , νs, . . .) is the vector of the flavour eigenfields.
Hermiticity of the Hamiltonian (2.1) requires that the MM and EDM matrices are both
hermitian:
µ† = µ, d† = d . (2.2)
Therefore, the diagonal elements of µ and d are real for Dirac neutrinos. With the de-
composition ν = νL + νR, where νL and νR are left and right-chiral fields, respectively, the
second part of Eq.(2.1) follows, where the MM and EDM matrices are condensed in the
non-hermitian matrix
λ = µ− id with µ = 1
2
(λ+ λ†) , d =
i
2
(λ− λ†) . (2.3)
The Hamiltonian (2.1) can be rewritten in any basis. One might, e.g., want to formulate
in the basis of neutrino mass eigenfields. In the most general case one has to perform
separate unitary rotations
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νL = SLν
′
L and νR = SRν
′
R (2.4)
on the left and right-chiral fields, respectively, in which case the matrix (2.3) transforms as
λ′ = S†RλSL . (2.5)
According to Eq.(2.3), the MM and EDM matrices in the new basis are obtained by
µ′ = 1
2
{
S†RµSL + S
†
LµSR − i(S†RdSL − S†LdSR)
}
,
d′ = 1
2
{
S†RdSL + S
†
LdSR + i(S
†
RµSL − S†LµSR)
}
,
(2.6)
respectively. Note that the matrix λ is the object which transforms simply under a basis
change, not the MM and EDM matrices.
For Majorana neutrinos we have the Hamiltonian [31]
HMem = −
1
4
νTC−1(µ+ idγ5)σ
αβνFαβ = −1
4
νTLC
−1λσαβνLFαβ + h.c. , (2.7)
where C is the charge conjugation matrix and ν = νL + (νL)
c. The superscript c denotes
the charge conjugate field. By the anticommutation properties of the fermionic fields νL, it
follows that
µT = −µ, dT = −d . (2.8)
Thus the MM and EDM matrices are antisymmetric and hermitian, and, therefore, imag-
inary. Then, λ (2.3), which is defined as in the Dirac case, is antisymmetric as well. The
factor −1/4 in the Hamiltonian (2.7) has been chosen because it would appear by rewriting
the Dirac form (2.1) in purely left-handed fields, i.e., in Majorana from. Since the right-
handed component of a Majorana field is the charge conjugate of the left-handed component,
left and right basis rotations are related by
SR = S
∗
L , (2.9)
and in the new basis we have
µ′ = i
{
Im(STLµSL)− Re(STLdSL)
}
, d′ = i
{
Im(STLdSL) + Re(S
T
LµSL)
}
. (2.10)
In which basis the MM and EDM matrices are the “physically relevant” ones depends on
the situation. Obviously, if one could experimentally distinguish neutrino mass eigenstates,
µ and d in the mass eigenbasis would be considered physical and diagonal MMs and EDMs
could be distinguished in the Dirac case. For transition moments the freedom of making
phase rotations, i.e., basis transformations with SL = SR being a diagonal matrix of phase
factors, blurs the distinction between transition MMs and EDMs even for Dirac neutrino
mass eigenstates. For Majorana neutrinos in the mass eigenbasis, however, there is only the
freedom of making a transformation with SL being a diagonal sign matrix. In practice one
cannot measure neutrino mass eigenstates and we will consider the situation that in elastic
neutrino – electron scattering all neutrino masses are neglected, but neutrino masses enter
in the usual quadratic way in the evolution equation of the neutrino state with background
matter and magnetic fields. In Section VI we will come back to the question of physically
observable quantities related to MMs and EDMs in this context.
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III. THE EVOLUTION EQUATION OF THE SOLAR NEUTRINO STATE
If neutrinos possess a sizeable MM and/or EDM it is possible that solar neutrinos acquire
a transverse polarization on their way to the surface of the sun if a large solar magnetic field
exists [24,25,28,29,27]. The evolution of the neutrino state produced in the core of the
sun under the influence of the solar magnetic field and matter effects is governed by the
Schro¨dinger-like equation [3,31,10–12,32,33]
i
d
dz
(
ϕ−
ϕ+
)
=
(
VL +
1
2ω
M †M −B+λ†
−B−λ VR + 12ωMM †
)(
ϕ−
ϕ+
)
≡ Heff
(
ϕ−
ϕ+
)
. (3.1)
In this equation, ϕ− and ϕ+ denote the vectors of neutrino flavour wave functions corre-
sponding to negative and positive helicity, respectively, and ω denotes the neutrino energy.
The elements of ϕ∓ are ordered according to α = e, µ, τ , followed by an arbitrary number
of sterile neutrinos, in general. The matter potential VL [3] is given by
VL =
√
2GF diag(ne − nn/2,−nn/2,−nn/2, 0, . . .) , (3.2)
where ne (nn) is the electron (neutron) density in the sun. M denotes the neutrino mass
matrix in the flavour basis. With the diagonal matrix mˆ of neutrino masses and the unitary
diagonalizing matrices UL and UR, we have the relations
mˆ = U †RMUL ⇒M †M = ULmˆ2U †L and MM † = URmˆ2U †R . (3.3)
Furthermore, we use the definition
B± = Bx ± iBy . (3.4)
Note that in Eq.(3.1) the neutrino propagates along the z-axis and in our approximation
only Bx and By – the components of the solar magnetic field orthogonal to the neutrino
momentum – contribute to the neutrino evolution.
Let us list the important differences between Dirac and Majorana neutrinos with respect
to the quantities appearing in the evolution equation (3.1):
Dirac neutrinos: VR = 0, M arb., UR arb., λ arb.,
Majorana neutrinos: VR = −VL, MT = M, UR = U∗L, λT = −λ. (3.5)
In this table arb. stands for arbitrary.
The neutrinos are produced as electron neutrinos in the sun at the coordinate z0 and are
detected on earth at z1. Hence we express the initial condition as
ϕ−(z0) =


1
0
...

 , ϕ+(z0) =


0
0
...

 , (3.6)
and the neutrino state at the detector is formally given by
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(
a−
a+
)
≡
(
ϕ−(z1)
ϕ+(z1)
)
= P exp
{
−i
∫ z1
z0
dz Heff(z)
}
1
0
0
...

 . (3.7)
In this equation P denotes path ordering. For a given magnetic field along the neutrino
path in the sun, the neutrino state described by the vectors a∓ can in principle be obtained
by solving Eq.(3.1), as function of neutrino MMs, EDMs, masses and mixing parameters.
The densities ne and nn are provided by the Solar Standard Model. The flavour vectors a∓
have to be used in the calculation of the elastic neutrino – electron cross section of solar
neutrinos.
IV. THE DENSITY MATRIX AND POLARIZATION VECTORS
In the calculation of the neutrino scattering cross section we need the density matrix of
the initial neutrino state
ραβ =
∑
r,s=±
ur(k)u¯s(k)ρ
αβ
rs . (4.1)
The elements of the density matrix obey the relations
∑
α,r ρ
αα
rr = 1 and ρ
αβ
rs = (ρ
βα
sr )
∗. In
the case of full coherence they are connected with the coefficients aα∓ (3.7) by
ραβrs = a
α
r a
β
s
∗
. (4.2)
In the Dirac representation of the gamma matrices we have for the 4-spinor u for a massless
neutrino
u±(k) =
√
ω
(
χ±
±χ±
)
, (4.3)
where ω is the energy of the initial neutrino. Now we choose the z-axis along the direction
of the initial neutrino momentum. Hence the neutrino 4-momentum is k = (ω, 0, 0, ω)T and
the 2-spinors of positive and negative helicity are given by
χ+ =
(
1
0
)
, χ− =
(
0
1
)
, (4.4)
respectively. Using Eqs.(4.3) and (4.4) it is easy to verify that the density matrix can be
written in the following two equivalent ways:
ραβ =
1
2
{
(1 + γ5)ρ
αβ
++ + (1− γ5)ραβ−− +
1 + γ5
2
s/αβ+− +
1− γ5
2
s/αβ−+
}
k/ (4.5)
=
1
2
{
ραβ++ + ρ
αβ
−− + γ5(ρ
αβ
++ − ραβ−−) + γ5s/αβ⊥
}
k/ , (4.6)
with the generalized polarization 4-vectors orthogonal to the neutrino momentum
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sαβ+− =


0
ραβ+−
iραβ+−
0

 , sαβ−+ =


0
−ραβ−+
iραβ−+
0

 , sαβ⊥ = sαβ+− − sαβ−+ =


0
ραβ+− + ρ
αβ
−+
i(ραβ+− − ραβ−+)
0

 . (4.7)
The longitudinal component of the polarization can be read off from Eq.(4.6) and is given
by ραβ++ − ραβ−−. The polarization vectors of a flavour mixed neutrino state are complex in
general with (sαβ−+)
∗ = −sβα+− and (sαβ⊥ )∗ = sβα⊥ . Only in the case α = β, the vector sαα⊥ is
real. In Ref. [29] an expression similar to (4.5) is used for the density matrix. In the case of
a single neutrino flavour Eq.(4.6) reduces to the expressions given in Refs. [26,34].
V. ELASTIC – NEUTRINO ELECTRON SCATTERING WITH ARBITRARY
NEUTRINO POLARIZATION
In this section we present the weak, electromagnetic and interference cross sections for
the process
ν(k) + e−(p)→ ν(k′) + e−(p′) . (5.1)
We work in the restframe of the initial electron and use the following notation for the
4-momenta:
k =
(
ω
~k
)
, p =
(
me
~0
)
, k′ =
(
ω − T
~k′
)
, p′ =
(
me + T
~p ′
)
, (5.2)
where me is the electron mass, neutrino masses are neglected in the cross sections (k
2 =
k′2 = 0) and T = E ′e − me is the recoil energy of the scattered electron. For the angle
θ = ∠(~p ′, ~k) of the recoil electron, momentum conservation implies
cos θ =
ω +me
ω
√
T
T + 2me
, (5.3)
and the electron recoil energy T is bounded by 0 ≤ T ≤ Tmax with Tmax = 2ω2/(2ω +me).
The cross section for elastic neutrino – electron scattering consists of three terms
d2σ
dTdφ
=
d2σw
dTdφ
+
d2σem
dTdφ
+
d2σint
dTdφ
, (5.4)
where φ is the azimuthal angle which is measured in the plane orthogonal to the momentum
of the initial neutrino. The first and the second term are the pure weak and electromagnetic
terms, respectively, and the third term is the interference term between the weak and the
electromagnetic amplitude.
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A. The weak cross section
The weak interaction of neutrinos with electrons is described by the effective Hamiltonian
Hw = GF√
2
∑
α
ν¯αγλ(1− γ5)να e¯γλ(gαV − gαAγ5)e , (5.5)
where GF is the Fermi constant and
geV = 2 sin
2ΘW + 1/2, g
e
A = 1/2,
gµ,τV = 2 sin
2ΘW − 1/2, gµ,τA = −1/2,
gsV = 0, g
s
A = 0,
(5.6)
with the weak mixing angle ΘW . To write down the weak cross section it is useful to define
the left and right-handed constants
gαL =
1
2
(gαV + g
α
A) , g
α
R =
1
2
(gαV − gαA) , (5.7)
respectively. Note that for active neutrinos, independent of the flavour α, we have gαR =
sin2ΘW , but, of course, g
α
R = 0 for sterile neutrinos.
With these constants, the weak cross sections for Dirac and Majorana neutrinos are given
by
d2σDw
dTdφ
=
∑
α
|aα−|2
d2σ(ναe
−)
dTdφ
, (5.8)
d2σMw
dTdφ
=
∑
α
(
|aα−|2
d2σ(ναe
−)
dTdφ
+ |aα+|2
d2σ(ν¯αe
−)
dTdφ
)
, (5.9)
respectively, where
d2σ(ναe
−)
dTdφ
=
G2Fme
π2
(
(gαL)
2 + (gαR)
2
(
1− T
ω
)2
− gαLgαR
meT
ω2
)
, (5.10)
d2σ(ν¯αe
−)
dTdφ
=
G2Fme
π2
(
(gαR)
2 + (gαL)
2
(
1− T
ω
)2
− gαLgαR
meT
ω2
)
(5.11)
are the cross sections for elastic scattering of neutrinos and antineutrinos of flavour α off
electrons, respectively. |aα−|2 (|aα+|2) is the probability of finding a left-handed (right-handed)
neutrino of flavour α in the initial state. The right-handed states correspond to antineutrinos
in the Majorana case, whereas for Dirac neutrinos they do not interact weakly and hence
the respective term is absent in Eq.(5.8).
B. The electromagnetic cross section
The electromagnetic cross section has the same form for Dirac and Majorana neutrinos:
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d2σem
dTdφ
=
α2
2m2eµ
2
B
(
1
T
− 1
ω
)(
a†−λ
†λa− + a
†
+λλ
†a+
)
, (5.12)
where α = e2/4π and µB = e/2me. The matrix λ is given in Eq.(2.3) and we have
λ†λ = µ2 + d2 − i[µ, d] , λλ† = µ2 + d2 + i[µ, d] . (5.13)
Eq.(5.12) reduces to the well known result in the single flavour Dirac case [20], for special
cases with several flavours see Refs. [35,23].
C. The interference cross section
If the polarization of the initial neutrino possesses a component transverse to its momen-
tum, an interference term between the weak and electromagnetic amplitude appears in the
cross section [24,25]. This term shows a dependence on the azimuthal angle φ. With the
definitions
gα = gαV
(
2− T
ω
)
+ gαA
T
ω
, g¯α = gαV
(
2− T
ω
)
− gαA
T
ω
(5.14)
and kˆ = ~k/|~k|, we find for Dirac and Majorana neutrinos, respectively,
d2σDint
dTdφ
=
GFα
2
√
2πmeTµB
∑
α,β
Re
[(
~p ′µαβ + (kˆ × ~p ′)dαβ
)
gα~s βα+−
]
, (5.15)
d2σMint
dTdφ
=
GFα
2
√
2πmeTµB
∑
α,β
Re
[(
~p ′µαβ + (kˆ × ~p ′)dαβ
)(
gα~s βα+− − g¯α~s βα−+
)]
. (5.16)
With ~p ′ = (p′x, p
′
y, p
′
z)
T and kˆ = (0, 0, 1)T , one has kˆ × ~p ′ = (−p′y, p′x, 0)T and, using the
explicit form of the polarization vectors (4.7) given by
~s βα+− =

 aβ+aα∗−iaβ+aα∗−
0

 , ~s βα−+ =

 −aβ−aα∗+iaβ−aα∗+
0

 (5.17)
for full coherence, we obtain
d2σDint
dTdφ
= F Re
[
a†+λga−(p
′
x − ip′y)
]
, (5.18)
d2σMint
dTdφ
= F Re
[
a†+(λg + g¯λ)a−(p
′
x − ip′y)
]
, (5.19)
where we have defined F = GFα/2
√
2πmeTµB and the diagonal matrices g = diag(g
α) and
g¯ = diag(g¯α).
For a single flavour Dirac neutrino, Eq.(5.15) reduces to the expression given in Ref. [26].
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VI. ELASTIC NEUTRINO – ELECTRON SCATTERING OF SOLAR
NEUTRINOS
A. A single Dirac neutrino
For a single Dirac neutrino the Hamiltonian governing the evolution equation (3.1) has
the form
Heff =
(
VL +
m2
2ω
−B+(µ+ id)
−B−(µ− id) m22ω
)
= diag(1, e−iδ)H ′eff diag(1, e
iδ) (6.1)
with
µ+ id =
√
µ2 + d2 eiδ , (6.2)
where H ′eff differs from Heff by
√
µ2 + d2 instead of µ± id. This leads to
a+ = e
−iδa′+ , (6.3)
where a′+ and also a− do not depend on δ but only on
√
µ2 + d2.
In this case we have
a†+λga− =
√
µ2 + d2 (a′+)
∗a−g
e and a†−λ
†λa− + a
†
+λλ
†a+ = µ
2 + d2 . (6.4)
Therefore, one cannot distinguish between the MM and EDM of a single Dirac neutrino [8]
in elastic neutrino – electron scattering of solar neutrinos.
As a function of the azimuthal angle, the interference cross section (5.18) has a maximum
when p′x+ ip
′
y and a
†
+λga− are aligned in the complex plane. In general, with matter effects
in addition to the magnetic field interaction, there is no obvious meaning of the phase of the
latter quantity. However, if we can neglect matter effects and the direction of the magnetic
field is fixed, i.e.,
B+(z) = B(z)e
iβ , (6.5)
where β does not depend on z, the solution of the evolution equation (3.1) for a single Dirac
neutrino is given by [7]
a− = cos
(√
µ2 + d2
∫ z1
z0
dzB(z)
)
and a+ = ie
−i(δ+β) sin
(√
µ2 + d2
∫ z1
z0
dzB(z)
)
.
(6.6)
We have left out the irrelevant phase stemming from m2/2ω. Consequently, we obtain
2 a†+λga− = −ieiβ
√
µ2 + d2 ge sin
(
2
√
µ2 + d2
∫ z1
z0
dzB(z)
)
, (6.7)
and the maximum of the interference cross section at(
p′x
p′y
)
∝
(
By
−Bx
)
(6.8)
defines an azimuthal angle orthogonal to the direction of the transverse magnetic field.
Thus, in such a situation the interference cross section allows to determine the direction of
the magnetic field.
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B. Two Majorana neutrinos
Now we come to the second simplest case, which is the case of two Majorana neutrinos
with flavours e and x. For two Majorana flavours the matrix λ is simply given by
λ = Λǫ = |Λ|e−iδǫ with ǫ =
(
0 1
−1 0
)
. (6.9)
Discussing first the electromagnetic cross section (5.12), Eq.(6.9) readily gives [23]
a†−λ
†λa− + a
†
+λλ
†a+ = |Λ|2 . (6.10)
Due to conservation of probability and the simple form of the matrix λ (6.9), the coefficients
a∓ do not occur and the electromagnetic cross section depends thus only on the single
electromagnetic moment in the problem. The term (6.10) has the same structure as in the
1-Dirac case (see Eq.(6.4)).
Now we will perform a thorough discussion of all possible phases appearing in UL and
λ and we will show that they play no role in the two flavour case, in the framework of our
approximation. The matrix UL (3.3) can be written as
UL = e
iσˆV eiρˆ , (6.11)
where σˆ and ρˆ are diagonal phase matrices and V corresponds to the KM matrix, which
is real for two flavours [36]. Note that the phases ρj play no role in our problem for any
number of flavours because these so-called Majorana phases [37] drop out in the effective
Hamiltonian of the evolution equation (3.1). Furthermore, a phase transformation with eiσˆ
upon λ has the effect
eiσˆλeiσˆ = Λ˜ǫ with Λ˜ = Λei(σe+σx) = |Λ|e2iγ and γ = (−δ + σe + σx)/2 . (6.12)
These observations suggest to perform the phase transformation
P†HeffP = H ′eff with P = diag
(
eiσˆe−iγ, e−iσˆeiγ
)
, (6.13)
where
H ′eff =
(
VL +
1
2ω
V mˆ2V T B+|Λ|ǫ
−B−|Λ|ǫ −VL + 12ωV mˆ2V T
)
(6.14)
depends only on the orthogonal matrix V and |Λ|. From the relation (6.13) it follows that
a− = e
iσˆe−iγa′− , a+ = e
−iσˆeiγa′+ , (6.15)
where a′∓ is obtained by evolution with H
′
eff and is independent of any of the phases discussed
above.
With Eqs.(6.9) and (6.15) we arrive at
a†+(λg + g¯λ)a− = |Λ|
{−(a′ x+)∗a′ e−(ge + g¯x) + (a′ e+)∗a′ x−(g¯e + gx)} . (6.16)
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Thus, no phase of UL and λ remains in the interference and electromagnetic cross sections
of elastic neutrino – electron scattering of solar neutrinos. In particular, no distinction is
possible between the transition MM and EDM, irrespective of the basis where they are
defined1 (see also Eqs.(7.12) and (7.13)). This statement is valid in the framework of the
approximation of neglecting neutrino masses in the scattering process and the validity of
the evolution equation (3.1).
Let us briefly mention three special cases within the 2-Majorana neutrino case. If we
have no neutrino mixing, only the first term in Eq.(6.16) contributes, because only ae− and
ax+ are non-zero. This is the minimal scenario for RSFP. Neutrino mixing also drops out
of H ′eff (6.14), if we require m1 = m2. This case can be conceived as stemming from a
Zeldovich – Konopinski – Mahmoud neutrino ν = νeL + (νxL)
c [38], which has a conserved
lepton number. If in addition to m1 = m2 we set VL = 0 and require a fixed direction of the
transverse magnetic field (see Eq.(6.5)), then we have an interference cross section analogous
to the 1-Dirac neutrino case, where in the expression (6.7) the quantity ge is replaced by
ge + g¯x and
√
µ2 + d2 by |Λ|. Again, with the help of the interference cross section, one
could in principle determine the direction of the magnetic field.
C. Phase counting
Having discussed at length the 1-Dirac and 2-Majorana neutrino cases, where we have
shown that there are no physical phases, we now proceed to the general phase counting for
n neutrinos. We will assume that the charged lepton mass matrix is diagonal and positive.
Our focus is on the neutrino flavour fields or states in the left-handed sector because we
have formulated elastic neutrino – electron scattering with these entities.
In the case of Dirac neutrinos we have no interaction of the right-handed neutrinos.
Therefore, in the physical situation under consideration, the matrix UR (3.3) is unphysical
and can be rotated away and the mass term has the form
HDmass = ν¯RMνL + h.c. with M = mˆU †L . (6.17)
We are left with the following phase freedom:
νL = e
iσLν ′L, νR = e
iσRν ′R ⇒
λ→ e−iσRλ eiσL , M → e−iσRMeiσL or UL → e−iσLULeiσR . (6.18)
The vectors ϕ∓ (3.1) and, therefore, also a∓, transform in the same way as the fields νL,R.
Obviously, the cross sections (5.12) and (5.18) are invariant under the phase transformation
(6.18). In general, UL is of the form (6.11), where V is of the KM type with (n−1)(n−2)/2
phases [36]. The phases ρˆ drop out ofM †M and MM †, and with σL = σˆ we shift the phases
σˆ to λ (see Eq.(6.18)). The remaining phase freedom in σR is used to remove n phases from
the n2 phases in λ. Thus, we are left with (n− 1)(n− 2)/2 + n(n− 1) = (3n− 2)(n− 1)/2
independent phases in the problem.
1This statement disagrees with the result of Ref. [29].
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In the Majorana case2 we have the mass term
HMmass = −
1
2
νTLC
−1MνL + h.c. with M = U
∗
LmˆU
†
L (6.19)
and the phase transformation
νL = e
iσLν ′L ⇒
λ→ eiσLλ eiσL , M → eiσLMeiσL or UL → e−iσLUL . (6.20)
Again the electromagnetic cross section (5.12) and the interference cross section (5.19) are
invariant under this phase transformation, the phases ρˆ – the Majorana phases – cancel, and
the phases σˆ can be transferred by the transformation (6.20) to λ, which is antisymmetric
and, therefore, has n(n − 1)/2 phases. Now there is no freedom to remove phases from
the MM/EDM matrix as in the Dirac case, but one phase of λ can still be eliminated by
by redefining νL with a common phase of the type of γ in Eq.(6.13). Finally, we arrive at
(n− 1)(n− 2)/2 + n(n− 1)/2− 1 = n(n− 2) independent phases.
In summary, we have found the following numbers of independent, physical phases in the
problem we are studying:
Dirac case: (3n− 2)(n− 1)/2
Majorana case: n(n− 2)
}
physical phases. (6.21)
Eq.(6.21) explains why in the 1-Dirac and 2-Majorana neutrino cases we have no phases
left in the elastic neutrino – electron cross section. It is interesting to observe that phases
can be shifted from the mixing matrix UL to the MM/EDM matrix λ and vice versa. In
our physical setting the phases in the MM/EDM matrix are not physical in the sense of
the phase transformations (6.18) and (6.20) and the transformed MMs and EDMs (2.6) and
(2.10) and, therefore, a distinction between MM and EDM is thus unphysical as well.
D. Invariance of the cross section under general basis transformations
Up to now we have considered only the freedom of performing phase transformations on
the neutrino fields. However, since we neglect neutrino masses in the cross section, we could
use any basis for its calculation. Let us first consider Dirac neutrinos and the general basis
transformation (2.4). Then the transformed MM/EDM matrix is given by Eq.(2.5) and the
transformed flavour coefficients are obtained by
a− = SLa
′
− and a+ = SRa
′
+ . (6.22)
We also have to take into account that in the weak Hamiltonian (5.5) the transformed
matrices
2In order to have a MM/EDM for Majorana neutrinos, we need n ≥ 2.
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g′V,A = S
†
LgV,ASL (6.23)
appear, where the matrices gV,A are diagonal matrices of the coupling constants (5.6). Taking
this set of transformed quantities, we can immediately rewrite the cross sections (5.12) and
(5.18) in terms of the primed quantities. The same can be done with the weak cross section
(5.8), if we notice that it is a function of the 4 expressions a†−gV,AgV,Aa− (see Eq.(5.10)).
For Majorana neutrinos, we have SR = S
∗
L. In addition, one can easily check that
in the calculation of the antineutrino part (5.11) of the weak cross section (5.9) one gets
g′V,A
∗ and the same applies to the g¯ term in the interference cross section (5.19). These
observations lead to invariance of the Majorana neutrino cross section under the general
basis transformation (2.4). Consequently, in our physical problem there is no preferred
basis, neither for Dirac nor for Majorana neutrinos.
E. CP invariance
Let us now study the effect of CP invariance on the phases discussed above. We focus
on the MM and EDM matrices in the flavour basis and then compare with the mass basis.
It will turn out that all the phases counted in the previous subsection are effects of CP
violation.
In the flavour basis, CP invariance for Dirac neutrinos is expressed as invariance of the
Lagrangian under the CP transformation
CP: νL → −eiαLCν∗L
νR → −eiαRCν∗R
ℓ → −eiαLCℓ∗
Fαβ → −ε(α)ε(β)Fαβ ,
(6.24)
where ε(α) is 1 for α = 0 and−1 for α = 1, 2, 3, ℓ is the vector of the charged lepton fields and
αL, αR denote diagonal phase matrices. For simplicity, we have left out space-time arguments
of the fields. It is straightforward to check that invariance under this transformation, using
the Hamiltonians (2.1) and (6.17) and assuming non-vanishing neutrino masses, implies
CP invariance ⇒ eiαRλ∗e−iαL = λ, eiαRM∗e−iαL =M or eiαLU∗Le−iαR = UL .
(6.25)
Consequently, we can define phase-rotated quantities
νL = e
iαL/2ν ′L, νR = e
iαR/2ν ′R ⇒ λ′ = e−iαR/2λeiαL/2, U ′L = e−iαL/2ULeiαR/2 (6.26)
such that
U ′L
∗
= U ′L and λ
′∗ = λ′ . (6.27)
As expected, CP invariance ensues the existence of phase-transformed fields such that the
mixing matrix U ′L and the MM/EDM matrix λ
′ are both real. Decomposing λ′ into MM
and EDM matrices we obtain thus
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µ′ =
1
2
(λ′ + λ′
T
) real, symmetric, d′ =
i
2
(λ′ − λ′T ) imaginary, antisymmetric. (6.28)
If we go from the primed basis into the neutrino mass basis, we have λ˜ = λ′U ′L as
MM/EDM matrix, which is again real. Thus we have a decomposition of λ˜ into MM and
EDM matrices with properties analogous to (6.28), though the MMs and EDMs are related
in a complicated way via Eq.(2.6) with SL = U
′
L and SR = 1.
Let us now specialize this discussion to the physical situation of neglecting neutrino
masses in ν e− scattering of solar neutrinos, such that neutrino masses enter only via the
terms M †M and MM † in the evolution equation (3.1). Eq.(6.25) leads to the following
condition for CP invariance:
M †M = eiαLMTM∗e−iαL and MM † = eiαRM∗MT e−iαR . (6.29)
With the form of M given in Eq.(6.17), the second relation is trivially fulfilled and the first
relation translates into
ULmˆ
2U †L = e
iαLU∗Lmˆ
2UTL e
−iαL . (6.30)
The CP phases (6.24) of the right-handed fields do not occur in this condition. Hence, a
phase transformation of νR like in Eq.(6.18) can be used to remove n phases from λ, which
introduces a change αR → αR−2σR in the CP transformation. Therefore, if, after performing
the transformation (6.26) on νL, the mixing matrix has the form U
′
L = V e
iρˆ with V real and
the MM/EDM matrix has the form eiβˆλ′ with λ′ real, where ρˆ and βˆ are arbitrary diagonal
phase matrices, the Lagrangian is not invariant under CP in general. However, the phases
ρˆ and βˆ do not lead to physical consequences in elastic ν e− scattering of solar neutrinos.
Coming to CP invariance in the case of Majorana neutrinos, we use the same CP trans-
formation (6.24), except that the line with νR has to be dropped. The invariance of the
mass term (6.19) requires
eiαLMeiαL = −M∗ . (6.31)
Assuming now for simplicity not only non-zero but also non-degenerate neutrino masses, one
can show with Eqs.(6.19) and (6.31) that the following conditions hold for CP invariance:
U∗L = ie
−αLULε and e
iαLλeiαL = −λ∗ , (6.32)
where ε is a diagonal sign matrix, which is not determined by our manipulations. Making
the phase redefinition (6.26) of the left-handed neutrino field, Eq.(6.32) leads to
U ′L = e
−iαL/2UL = Re
−iεpi/4 (6.33)
for the mixing matrix, where R is a real orthogonal matrix, and to
λ′ = eiαL/2λeiαL/2 ⇒ λ′∗ = −λ′ (6.34)
for the MM/EDM matrix. Consequently, with Eq.(6.34) we obtain
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µ′ = λ′ imaginary, antisymmetric, d′ = 0 , (6.35)
independent of the sign matrix ε.
Let us now relate the CP transformation in the flavour basis with that in the mass basis.
The mass eigenfields obtained by νL = ULν˜L have the matrix [39]
U †Le
iαLU∗L = iε (6.36)
instead of eiαL (6.24), where UL is given in Eq.(6.33). Hence, in the mass basis the CP
transformation is given by [40]
ν˜L → −iεCν˜∗L . (6.37)
These CP signs εj – the CP parities – then enter also in the MM/EDM matrix in the mass
basis given by
λ˜ = e−iεpi/4RTλ′Re−iεpi/4 =
(
(RTλ′R)jke
−i(εj+εk)pi/4
)
. (6.38)
If εj = εk, the phase factor in expression on the right-hand side of Eq.(6.38) is ±i, whereas
for εj = −εk it is 1. In the first case of equal CP parities, λ˜jk represents a transition EDM,
whereas for opposite CP parities this quantity is a transition MM [40,29]. Therefore, for
Majorana neutrinos and CP invariance in the primed flavour basis one has d′ = 0, whereas
in the mass basis either µ˜jk or d˜jk is zero (or both are zero). This is completely different
from the Dirac case where in both bases the same properties (6.28) hold.
Let us now come to our physical approximation for elastic neutrino – electron scattering
with Majorana neutrinos. Eq.(6.31) implies for the relevant term
M †M = eiαLMTM∗e−iαL or ULmˆ
2U †L = e
iαLU∗Lmˆ
2UTL e
−iαL . (6.39)
Obviously, the phase matrix e−iεpi/4 drops out. Thus, in the case of CP invariance in our
physical scenario, the CP parities are irrelevant. Moreover, after performing the phase trans-
formation Eq.(6.26) on νL, Eq.(6.39) is fulfilled for U
′
L = Re
iβˆ with an arbitrary diagonal
phase matrix βˆ. Furthermore, there is the freedom to redefine νL with a common phase
which can be used to remove one phase from the MM/EDM matrix. Therefore, if the mix-
ing matrix has the form Reiβˆ and the MM/EDM matrix has the form eiγλ′ with λ′∗ = −λ′,
CP is violated at the level of the Lagrangian in general. However, neither the phases βˆ and
γ nor the CP parities ε lead to any physical consequences in our scenario.
VII. DECOHERENCE EFFECTS AS A CONSEQUENCE OF NEUTRINO
ENERGY AVERAGING
A. Decoherence effects in the solar neutrino state
In this section we consider the effect of neutrino oscillations and averaging over the
neutrino energy in order to assess effective coherence or incoherence of the solar neutrino
state arriving at the earth. We use the arguments presented, e.g., in Ref. [41].
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The neutrino state undergoes only vacuum oscillations between the sun and the earth.
Therefore, denoting the values of ϕ∓ (3.1) at the edge of the sun by b∓, we can write a∓ as
a− = UL exp
(−imˆ2L/2ω)U †L b− , a+ = UR exp (−imˆ2L/2ω)U †R b+ , (7.1)
respectively. Here L ≈ 1.5 × 1011 m is the distance between the sun and the earth. Now
the crucial point is that, according to the quadratic appearance of a∓ in the cross sections
(5.8), (5.9), (5.12), (5.18) and (5.19), the following phase factors are important:
e±iϕjk with ϕjk = 2π
L
ℓjk
=
∆m2jkL
2ω
, (7.2)
where ∆m2jk = m
2
j −m2k > 0 and ℓjk = 4πω/∆m2jk is an oscillation length. The phases (7.2)
vary with energy as
δϕjk =
∆m2jkL
2ω
δω
ω
= 2π
L
ℓjk
δω
ω
. (7.3)
Hence, integration over energy intervals such δω ≫ ω ℓjk/L ∀j, k leads to an averaging of
the oscillations, which can formally be expressed as〈
e±iϕjk
〉
= δjk , (7.4)
where δjk is the Kronecker delta.
Numerically, we have
ℓjk
L
≈ 2.5 ω(MeV)
∆m2jk(eV
2) L(m)
≈ 1.7× 10−11 ω(MeV)
∆m2jk(eV
2)
≈ 4.5× 10
−12
∆m2jk(eV
2)
, (7.5)
where in the last step we have used ω ≈ 0.27 MeV, the average energy of the pp-neutrinos,
which are most suitable for measuring the azimuthal asymmetry in νe− scattering [28]. If we
consider, for example, ∆m2 ∼ 10−8 eV2 allowed by the RSFP scenario [10–12,18,14,17,16],
we find ℓ/L ∼ 5× 10−4, where ℓ is the oscillation length corresponding to ∆m2. Therefore,
to avoid the averaging (7.4) associated with the vacuum oscillations, one would have to
measure the neutrino energy with an accuracy better than δω/ω ∼ 10−4, which seems
rather impossible.
Actually, even if we concentrate on the solar 7Be line with ω = 862.27 keV [42], the
natural line broadening by the high temperatures in the center of the sun with δω = 1.63
keV [42] is sufficient to cause considerable averaging. In this case we obtain (L/ℓ)(δω/ω) ≈
∆m2/7.8× 10−9 eV2 and, therefore, a decoherence effect for ∆m2 & 10−8 eV2 [43].
The energy averaging of the vacuum oscillations is equivalent to consider the neutrino
state arriving at the earth as an incoherent mixture of mass eigenstates. In the case of total
incoherence the density matrix is a diagonal matrix in the mass basis: ρrs = diag(a
j
ra
j∗
s )
with r, s = ±, where j numbers the neutrino mass eigenstates.
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B. The energy-averaged cross sections
In this and the next subsection we assume that ω represents an average neutrino energy
or the center value of an energy interval of length δω over which the averaging takes place.
Furthermore, we assume that δω ≪ ω holds and that the averaging condition δϕjk ≫ 2π
holds for all neutrino masses mj 6= mk. Performing the averaging procedure (7.4) in the
weak, electromagnetic and interference cross sections, it turns out that the averaged cross
sections are written in a simpler way by using the coefficients
b˜− = U
†
Lb− , b˜+ = U
†
Rb+ , (7.6)
and the matrix
λ˜ = U †RλUL , (7.7)
which represent the flavour coefficients b∓ (7.1) and the matrix λ (2.3), respectively, trans-
formed into in the mass basis. Eqs.(7.6) and (7.7) refer to the Dirac case, but in the Majorana
case one only has to replace UR by U
∗
L (see Eq.(3.5)). In the following we use the notation
b˜T∓ = (b
j
∓), i.e., we label flavour indices with α and mass indices with j. Using Eqs.(7.6) and
(7.7), after neutrino energy averaging or for effective total coherence loss between neutrino
mass eigenstates, the cross sections (5.9), (5.12) and (5.19) for Majorana neutrinos take the
shape 〈
d2σMw
dTdφ
〉
=
∑
α,j
|ULαj |2
(
|bj−|2
dσ(ναe
−)
dTdφ
+ |bj+|2
dσ(ν¯αe
−)
dTdφ
)
, (7.8)
〈
d2σem
dTdφ
〉
=
α2
2m2eµ
2
B
(
1
T
− 1
ω
)∑
j
(
|bj−|2(λ˜†λ˜)jj + |bj+|2(λ˜λ˜†)jj
)
, (7.9)
〈
d2σMint
dTdφ
〉
= F Re
[∑
j
bj∗+ b
j
−
(
λ˜U †L(g − g¯)UL
)
jj
(p′x − ip′y)
]
, (7.10)
respectively. The corresponding expressions for Dirac neutrinos are obtained from Eqs.(7.8)
and (7.10) by dropping the σ(ν¯αe
−) and g¯ terms, respectively.
It is interesting to note that for total incoherence of the neutrino mass eigenstates only the
axial part of the weak interaction contributes to the interference cross section for Majorana
neutrinos. Inserting Eq.(5.14) into the cross section Eq.(7.10), we obtain
〈
d2σMint
dTdφ
〉
= 2F
T
ω
Re
[∑
α,j,k
bj∗+ b
j
− λ˜jk U
∗
LαkULαj g
α
A (p
′
x − ip′y)
]
. (7.11)
The dependence on the electron recoil energy of this expression is very different from the
corresponding term (5.19) in the case of full coherence and the Dirac terms with and without
coherence (see Eqs.(5.18) and (7.10) without the g¯ term), because the recoil energy T drops
out of the product FT .
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C. Decoherence in the 2-Majorana neutrino case
Now we consider in detail the effect of decoherence for the two flavours e and x = µ, τ, s
of Majorana neutrinos. For this purpose we will refer to the discussion in Section VIB. We
have proved in this section that all phases of the problem are unphysical. Therefore, we use
the mixing matrix (compare with Eq.(6.11))
V =
(
c s
−s c
)
, (7.12)
where c ≡ cos θ, s ≡ sin θ and the quantity |Λ| for the transition MM/EDM (see Eqs.(6.9)
and (6.12)). With the averaged Majorana interference cross section (7.11) and
λ˜ = |Λ|V T ǫV = |Λ|ǫ , (7.13)
we arrive at the final result〈
d2σMint
dTdφ
〉
= F |Λ| sin 2θ T
ω
(geA − gxA) Re
[(
(b′ 1+)
∗b′ 1− − (b′ 2+)∗b′ 2−
)
(p′x − ip′y)
]
. (7.14)
Note that the vectors b˜′∓ = (b
′ j
∓) represent the neutrino state at the edge of the sun: by
Eq.(7.6) they are related to the flavour vectors b′∓ which are obtained by evolution with
the Hamiltonian H ′eff (6.14) – analogous to a
′
∓ (6.15) – and are independent of any phases
initially in UL and λ.
The expression (7.14) is proportional to the mixing angle sin 2θ. This shows that the
question if the solar neutrino state on earth is to be considered as a coherent or effec-
tively incoherent admixture of mass eigenstates has a strong effect on the interference cross
section, whereas this question has no bearing on the electromagnetic cross section in the 2-
Majorana case. Large values for sin 2θ are disfavoured in the RSFP scenario [13,18] and by
the non-observation of electron antineutrinos in Super-Kamiokande [44,18,45,46] and hence
the asymmetry is suppressed. These arguments suggest that a significant asymmetry mea-
sured in an experiment is unlikely to result from a 2-Majorana neutrino scenario, except for
very small mass-squared differences (∆m2 < 10−11, see Eq.(7.5)). Of course, it could result
from Dirac diagonal moments. In this case the states of negative and positive helicity belong
to the same mass eigenvalue and no averaging due to oscillations is possible.
VIII. CONCLUSIONS
In this paper we have considered elastic neutrino – electron scattering of solar neutrinos,
taking into account the possibility that neutrinos have MMs and EDMs. We have presented
the most general cross section for an initial neutrino state, which can be an arbitrary super-
position of different neutrino types – including sterile neutrinos – with arbitrary helicities.
Consistency requires that the neutrino superposition which undergoes the elastic neutrino
– electron scattering is considered as the result of an evolution of the initial electron neu-
trino state with negative helicity generated in the core of the sun. The neutrino MMs and
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EDMs enter into this evolution equation (3.1) as well as into the cross section. Only by tak-
ing this twofold effect of the MM/EDM matrix (2.3) into account, the final results for the
pure electromagnetic cross section (5.12) and the weak-electromagnetic interference cross
section, i.e., (5.18) for Dirac and (5.19) for Majorana neutrinos, are invariant under phase
transformations (6.18) and (6.20) of the neutrino fields.
In this context we have to mention our approximation: We have neglected neutrino
masses in the cross section, but in the evolution equation (3.1) we have taken into account
the usual quadratic dependence of the effective Hamiltonian on the neutrino masses, as
required by the effect of background matter [3]. We have formulated the cross section and
the evolution equation in the flavour basis. However, we want to stress that we are not
obliged to stick to this basis. Since we neglect neutrino masses in the cross section, we could
choose rotated neutrino fields according to Eq.(2.4). The final result for the cross section
would not depend on the transformation matrices SL(SR) (see Subsection VID). Thus, with
our physically motivated approximation there is no preferred basis of neutrino fields.
Of particular importance is the weak-electromagnetic interference cross section: if it were
non-zero, it would indicate that the solar neutrinos have acquired some amount of transverse
polarization due to MMs and EDMs and a magnetic field in the solar interior. Such an
interference cross section would show up in an azimuthal asymmetry of the momentum
distribution of the recoil electron, in the plane orthogonal to the direction of the incoming
neutrino [24].
In our physical scenario we have shown that in the 1-Dirac neutrino case the azimuthal
asymmetry does not allow to distinguish between MM and EDM but is a function of√
µ2 + d2 (6.4) as is the pure electromagnetic cross section. In the 2-Majorana neutrino
case the same holds for the transition moments (see Eq.(6.16)) and, in addition, none of the
phases in the neutrino mixing matrix UL is physical either. We have also made a general
counting of the physical, independent phases in our framework for n neutrino flavours or
types in the Dirac and Majorana cases. We have pointed out that, by phase transforma-
tions on the neutrino fields, phases can be shifted from UL to λ and vice versa such that in
order to obtain phase convention-independent quantities one has to combine elements from
both matrices according to the phase transformations (6.18) and (6.20). We want to stress
that the entity which transforms under basis transformations in correspondence with the
neutrino fields is the matrix λ = µ − id, but not the separate MM and EDM matrices µ
and d, respectively. Furthermore, in the flavour basis we are working with, for Majorana
neutrinos the so-called Majorana phases drop out trivially, because in our approximation
the neutrino mass matrix appears only in the evolution equation (3.1) as M †M and MM †
(see Eqs.(3.3) and (6.11)). The same holds, in the case of CP invariance, for the CP parities
of the neutrino mass eigenfields.
Finally, we have shown that averaging over small neutrino energy intervals, which is in-
evitable through realistic neutrino detection, has a drastic effect on the weak-electromagnetic
interference cross section. This effect comes about because of neutrino oscillations in vac-
uum between the sun and the earth [41] and is operative at least for neutrino mass-squared
differences larger than about 10−9 ÷ 10−10 eV2, having in mind solar neutrino energies be-
low 1 MeV. In the 2-Majorana neutrino case the averaged interference cross section is then
proportional to sin 2θ, where θ is the mixing angle in UL. Thus, in a 2-Majorana RSFP
scenario without mixing, the averaged interference cross section is zero. However, mixing in
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the general 2-Majorana RSFP scenario tends to be suppressed anyway according to the non-
observation of solar ν¯e’s in Super-Kamiokande. An observation of a significant azimuthal
asymmetry could be an indication of very small mass-squared differences or of Dirac diagonal
moments.
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